Drug addiction has devastating consequences on social behaviors and can lead to the impairment of social bonding. Accumulating evidence indicates that alterations in oxytocin (OT) and dopamine (DA) neurotransmission within brain reward circuitry may be involved. We investigated this possibility, as well as the therapeutic potential of OT for drug-induced social deficits, using the prairie vole (Microtus ochrogaster)-a socially monogamous rodent that forms enduring pair bonds between adult mates. We demonstrate that repeated exposure to the commonly abused psychostimulant amphetamine (AMPH) inhibits the formation of partner preferences (an index of pair bonding) in female prairie voles. AMPH exposure also altered OT and DA neurotransmission in regions that mediate partner preference formation: it decreased OT and DA D 2 receptor immunoreactivity in the medial prefrontal cortex (mPFC) and nucleus accumbens (NAcc), respectively, and increased NAcc DA levels. Administration of OT directly into the mPFC of AMPH-exposed voles restored partner preferences, and altered NAcc DA levels, and this effect was dependent on OT receptor activation. Together, these data suggest that repeated AMPH exposure impairs pair bonding through an OT-mediated mechanism, and that OT and DA systems within brain reward circuitry may interact to mediate the complex relationship between drug abuse and social bonding. Further, these results provide empirical support for the idea that the central OT system may represent an important target for the treatment of social deficits in addiction.
Introduction
Drug addiction has devastating consequences on human relationships and is associated with impairments in the most fundamental of social behaviors (Strathearn and Mayes, 2010; Young et al., 2011a )-including the formation and maintenance of selective attachments between mother and child (i.e., maternal bonds) and mating partners (i.e., pair bonds). The costs of such deficits are profound, and include high rates of child neglect and abuse (Wasserman and Leventhal, 1993) , a decreased likelihood of marriage, and an accelerated rate of separation/divorce (Kaestner, 1995; Collins et al., 2007) in addicted individuals. This is particularly disquieting when one considers the cross-cultural benefits of social bonding on physical and psychological health (House et al., 1988; Kiecolt-Glaser and Newton, 2001 ).
Accumulating evidence indicates that the mesocorticolimbic dopamine (DA) system is likely involved in the effects of drugs of abuse on social bonding. DA neurotransmission within this circuit [e.g., nucleus accumbens (NAcc), ventral tegmental area (VTA), and medial prefrontal cortex (mPFC)] not only plays a critical role in social bonding (Gingrich et al., 2000; Aragona et al., 2006) , but undergoes significant neuroadaptations [i.e., altered DA release and DA receptor (DAR) expression/sensitivity] as a result of drug exposure (Henry et al., 1989; Nestler, 2005) . Further, such neuroadaptations are becoming progressively linked with modified sociobehavioral output (Clemens et al., 2004; Febo and Ferris, 2007; .
Less recognized, however, is that drug-induced alterations in mesocorticolimbic oxytocin (OT) neurotransmission may also play a role (McGregor et al., 2008) . This endogenous neuropeptide regulates related social behaviors (Melis and Argiolas, 2011) , and through its actions in the NAcc, VTA, and mPFC-and interactions with accumbal DA-directly mediates the formation and maintenance of social bonds Ross et al., 2009b; Bosch and Neumann, 2012) . Importantly, changes in markers of OT function following drug exposure within these and functionally related brain regions have been increasingly reported (Sarnyai et al., 1992; Johns et al., 1997b; Butovsky et al., 2006) . While these effects vary by drug type and dosing regimen, they indicate that alterations in OT systems may also contribute to the effects of drugs of abuse on social bonding. Further, they highlight the possibility that the OT system might represent an important target for the treatment of social deficits in addiction.
To investigate this possibility, we examined the effects of a commonly abused psychostimulant, amphetamine (AMPH), on pair bonding in the socially monogamous female prairie vole (Mictrotus ochragaster), and the involvement of mesocorticolimbic OT and DA in these effects. Given the critical role of OT and DA in pair bond formation (for review, see Young et al., 2011b) and the evidence to suggest that these systems are altered by drugs of abuse, we hypothesized that repeated AMPH exposure impairs pair bonding in females and that alterations in OT and DA neurotransmission in the NAcc, VTA, and/or mPFC underlie this effect. Additionally, to directly test the potential therapeutic benefit of OT for drug-induced social deficits, we evaluated the effects of OT administration on pair bonding in AMPH-exposed voles.
Materials and Methods
Subject animals. Subjects were sexually naive female prairie voles (M. ochrogaster) from a laboratory breeding colony descended from populations in southern Illinois. Subjects were weaned at ϳ21 d of age and then housed in same-sex pairs in plastic cages (29 ϫ 18 ϫ 13 cm) that contained cedar chip bedding on a 14/10 h light/dark cycle and at a room temperature of ϳ20°C. Food and water were available ad libitum. Subjects were 90 -140 d of age when tested. For manipulations that required mating, nonrelated sexually experienced conspecific males were used as stimulus animals. All experiments were conducted in accordance with the guidelines of the Institutional Care and Use Committee at Florida State University.
Drugs. D-AMPH sulfate (Sigma) was dissolved in saline and delivered via intraperitoneal injection (0.1 ml/40 g body weight). Estrogen benzoate (EB; 20 g/ml) was dissolved in sesame oil and delivered via subcutaneous injection (0.1 ml/40 g body weight). OT (1 ng/200nL; Peninsula Laboratory) and an OT receptor (OTR) antagonist (OTA; 10 ng or 200 ng/200 nL; [d(CH2)5, Tyr(Me)2, Thr4, Tyr-NH29]-OVT; Peninsula Laboratory) were dissolved in artificial CSF and delivered site specifically into the prelimbic cortex (PLC) via microinjection. OTA has been demonstrated to be a high-affinity selective OTA in a number of rodent species, including prairie voles (Witt et al., 1991) . 24 h cohabitation. Subjects and stimulus males were placed into a clean cage with food and water, and were allowed to freely interact. Behavioral interactions were videotaped, and later used for the verification and quantification of mating.
Partner preference test. Preferences for a familiar partner versus an unfamiliar stranger were examined using a 3 h partner preference (PP) test, as previously described . Briefly, the testing apparatus consisted of a central cage connected by hollow tubes to two identical cages, each containing a stimulus male-either the familiar animal with which the subject had been previously housed (partner) or an unfamiliar conspecific animal (stranger). Stimulus males were loosely tethered within their separate cages. At the start of the test, the subject was placed into the central cage and allowed to move freely throughout the testing apparatus. Photobeam light sensors placed over the hollow tubes recorded the frequency of cage entries. Behavioral interactions during the test were videotaped and later quantified.
Western blot. Brains were sectioned at a width of ϳ300 m at Ϫ12 to Ϫ15°C. Tissue punches from the NAcc (punches included both core and shell subregions), mPFC (punches included the PLC and infralimbic cortex), and VTA from each subject were individually sonicated and centrifuged in RIPA extraction buffer, pH 7.4, containing, 10 mM Trizma base, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton X-100, and 1% sodium deoxycholate. Total protein in each sample was measured using a DC protein assay (catalog #500-0112, Bio-Rad). After adding loading buffer from a stock solution consisting of 1 g of SDS, 12 ml of glycerol, 8 ml of 1.0 mM Tris-HCl, pH 6.8, bromophenol blue, and 2 ml of ␤-mercapatoethanol, 20 g of protein was loaded into wells. Each well contained protein from a single subject, and control and treatment samples were loaded in an alternating order to ensure that samples from each treatment group were evenly distributed throughout the gel. Protein was electrophoresed on precast 10% acrylamide gels, using 1ϫ Tris glycine SDS (catalog #1610772, Bio-Rad) as a running buffer (catalog #161-0772, Bio-Rad). Protein was transferred to a PVDF membrane at 4°C using a buffer that consisted of 80% 1ϫ Tris glycine (catalog #BP13064, Fisher Scientific) and 20% methanol. For DA receptor immunoreactive labeling, PVDF membranes were then blocked in Tris-buffered saline (TBS) with 0.1% Tween 20 (TBS-T) and 5% nonfat milk for 1 h at 23°C. The membrane was then incubated overnight at 4°C in TBS-T plus milk containing a 1:1000 concentration of D 2 receptor (D2R; H-50) primary antibody (catalog #sc-9113, Santa Cruz Biotechnology), or a 1:3000 concentration of D1R primary antibody (catalog #D1897, Sigma). Membranes were then washed for 60 min at 23°C in TBS-T, incubated for 1 h at a 1:40,000 concentration of peroxidase-labeled secondary antibody, and then washed for 1 h in 0.1% TBS-T. For OT receptor immunoreactive labeling, PVDF membranes were blocked in Superblock T20 TBS (catalog #37536, Thermo Scientific) for 1 h at 23°C. The membranes were then incubated overnight at 4°C in Superblock containing a 1:200 concentration of OTR primary antibody (catalog #sc-8102, Santa Cruz Biotechnology), washed for 60 min at 23°C in 1ϫ TBS with TBS-T, incubated for 1 h at a 1:40,000 concentration of donkey anti-goat peroxidase-labeled secondary antibody (catalog #sc-2033, Santa Cruz Biotechnology), and then washed for 1 h in TBS-T. All bands were visualized by Super Signal West Dura-enhanced chemiluminescence (catalog #34706, Pierce). OTR-immunoreactive (ir) bands were visualized at a molecular weight of 66 kDa, D1R-ir bands at 74 kDa and D2R-ir) bands at 51 kDa. To verify the specificity of these bands, we completed three negative-control experiments for each primary antibody. Western blotting was completed as described, with one of the following exceptions: (1) the target peptide (i.e., OTR, D1R, or D2R), at 10ϫ the concentration of the primary antibody, was added during overnight incubation with the primary antibody; (2) overnight incubation was completed without the primary antibody; and (3) 1 h incubation was completed without the secondary antibody. In each condition, the target band was not visualized.
Microdialysis probe implantation and dialysate sampling. Concentric style microdialysis probes were constructed as previously described , except the active area was 1.0 mm and the molecular weight cutoff of the membrane was 18 kDa. Subjects were anesthetized, and probes were stereotaxically implanted into the right NAcc (coordinates from bregma: anterior, 2.1 mm; lateral, Ϫ0.6 mm; ventral, 6.3 mm) and perfused continuously at a rate of 1.5 l/min with a solution isotonic for K, Na, Mg, and Ca (2.8 mM KCl, 144 mM NaCl, 0.9 mM MgCl 2 , and 1.2 mM CaCl 2 ; Sved and Curtis, 1993). The next morning at 9:00 A.M., four 20 min baseline samples were collected. A male was introduced into the cage and allowed to freely interact with the subject while dialysate samples were collected at 20 min intervals for 6 h. All samples were collected into vials containing 5 l of 0.1N perchloric acid. Males were removed, dye was infused through the probe, and subjects were rapidly decapitated; their brains were then collected, immediately frozen on dry ice, and stored at Ϫ80°C for histological verification of the sampling site. Behavioral interactions were videotaped, and the sampling periods during which mating occurred were identified.
HPLC with electrochemical detection. DA levels in dialysates were measured with an ESA CoulArray Model 4600 HPLC system with electrochemical detection (ECD) equipped with a C18 column (ESA; 150 mM, 120 Å), a 20 l loop (Rheodyne), and a column heater (Eppendorf) held at 29°C. The flow rate was set at 500 l/min. The mobile phase was composed of 15% acetonitrile (HPLC grade; Fisher Scientific), 15% methanol (HPLC grade; Fisher Scientific), 75 mM NaH 2 PO 4 , and 1.5 mM SDS, pH 5.14. The electrodes were set at 100, 425, 530, and 650 mV. DA was detected in the 100 mV channel. Extracellular DA concentration was determined by comparison with a linear curve generated using 1, 5, 10, and 50 nM DA standards in 0.1 M perchloric acid. For tissue samples, DA was extracted as previously described (Aragona et al., 2002) , except that tissue samples were sonicated in 30 l of 0.1 M perchloric acid with 0.02% EDTA. DA concentration was assessed using HPLC-ECD, as described previously with the following exceptions. The mobile phase consisted of 75 mM sodium dihydrogen phosphate monohydrate, 1.7 mM 1-octanesulfonic acid sodium salt, 0.01% triethylamine, 25 m EDTA, and 7% acetonitrile, and the pH was adjusted to 3.0 with 85% phosphoric acid. The flow rate was 0.5 ml/min. The standard curve and peak area were calculated as described previously . The detection limit was ϳ10 pg/sample.
Stereotaxic cannulation and microinjection. Twenty-six-gauge bilateral guide cannulae (Plastics One) were stereotaxically implanted in anesthetized subjects, aimed at the PLC (coordinates from bregma: anterior, 2.2 mm; bilateral, Ϯ0.5 mm; ventral, 2.5 mm). After a 3 d recovery, microinjections (200 nl/side) of CSF, CSF containing OT, or CSF containing OT plus OTA were made into the PLC. All microinjections were made with a 33-gauge needle that extended 1 mm below the guide cannulae and were delivered at a rate of 0.2 l/min, as previously described .
Data quantification and statistical analysis. For PP tests, the durations of time spent by the subject in side-by-side contact with the partner and stranger were quantified by an experimenter who was blind to treatment and were compared using t tests with Bonferroni correction for multiple comparisons (given that three groups were examined in Experiment 1, and four groups were examined in Experiment 4, the ␣-levels were set at p Յ 0.017 and p Յ 0.0125, respectively). Group differences in the number of mating bouts during the first 6 h of cohabitation and overall contact time (i.e., summed time spent in side-by-side contact with both stimulus animals; an index of general affiliation) during the PP test were assessed using a one-way ANOVA. Subjects that failed to mate during the cohabitation period or had misplaced cannulae were excluded from analysis. For the Western blot experiment, optical densities of protein labeling on x-ray film were quantified using a computerized image program (ImageJ, National Institutes of Health). ␤-Actin was used to normalize for band intensities, and group differences in normalized OTR-ir, D1R-ir, and D2R-ir densities were analyzed for each brain region using paired t tests with Bonferroni correction for multiple comparisons. For the microdialysis experiment, DA concentrations in the first two samples collected during/after the first mating bout of each subject were averaged to yield one mating value (all animals began mating within the first 40 min). A mixed-model ANOVA was used to determine the effects of treatment (between-subjects effect; AMPH vs saline) and sample type (withinsubjects effect; baseline vs mating) on DA concentration. In the tissue punch experiment, DA concentration in each sample was normalized for total protein concentration. A two-way ANOVA was used to determine the effects of treatment (CSF or OT) and sample type (baseline or mated) on group means for DA content in the NAcc. For mated groups, mating bouts were quantified by an experimenter who was blind to treatment, and group differences were compared using a t test. The ␣-level for all analyses was set at p Յ 0.05, unless noted above.
Results
Experiment 1: repeated AMPH exposure impairs matinginduced PP formation Experiment 1 was designed to test the hypothesis that repeated AMPH exposure inhibits mating-induced PP formation, a reliable behavioral index of pair bond formation (Insel and Hulihan, 1995) in female prairie voles. Subjects were randomly divided into three groups that received one injection of EB-to induce sexual receptivity (Gingrich et al., 2000) -and one injection of 0.9% saline (n ϭ 16), 0.2 mg/kg AMPH (n ϭ 7), or 0.5 mg/kg AMPH (n ϭ 8) at the same time (9:00 A.M.) each day for 3 consecutive days. Twenty-four hours after the final set of injections, subjects were paired with a male for a 24 h period of cohabitation and were then tested for PP.
Saline-treated females formed PPs, as they spent significantly more time in side-by-side contact with their familiar partner than the stranger animal (t (30) ϭ 2.95, p ϭ 0.006; Fig. 1A ). Females treated with either dose of AMPH did not form PPs, but instead demonstrated nonselective side-by-side contact with the stimulus males during the PP test (Fig. 1A) . No differences were found in mating frequency during the cohabitation period (Fig. 1B) or overall contact time (Fig. 1C) during the PP test. Together, these data indicate that repeated AMPH exposure impairs PP formation in female prairie voles, and that this effect is not due to AMPH-induced alterations in mating frequency or general affiliative behavior.
Experiment 2: repeated AMPH exposure decreases mPFC OTR-ir and NAcc D2R-ir densities OTR and DAR activation in mesocorticolimbic brain regions mediate PP formation in female prairie voles (Gingrich et al., 2000; Young et al., 2001; . Since AMPH exposure inhibited PP formation in Experiment 1, Experiment 2 was designed to test the hypothesis that repeated AMPH exposure alters OTR and/or DAR densities in the NAcc, mPFC, and/or VTA ( Fig. 2A) . Given that the DA regulation of PP formation is receptor specific-D 2 -like receptor activation facilitates, whereas D 1 -like receptor activation prevents PP (Gingrich et al., 2000; Aragona et al., 2006 )-we examined the densities of both receptor subtypes. Subjects were randomly divided into two groups that received injections of EB or EB plus 0.2 mg/kg AMPH (n ϭ 6 -8 per group, depending on the receptor and brain region tested), once per day for 3 consecutive days. EB was used as a control manipulation because all subjects in Experiment 1 received EB to induce sexual receptivity. Twenty-four hours after the final injections (the critical time point at which subjects were paired with a conspecific in Experiment 1), subjects were rapidly decapitated. All brains were harvested, frozen on dry ice, and stored at Ϫ80°C until processed for Western blotting.
AMPH-treated females had significantly lower OTR-ir levels in the mPFC (t (6) ϭ 4.82, p ϭ 0.003), but not in the NAcc or VTA, than EB-treated controls (Fig. 2B) . AMPH-treated females also had significantly lower D2R-ir levels in the NAcc than EB-treated controls (t (5) ϭ 3.68, p ϭ 0.014; Fig. 2C ). No group differences were noted in D2R-ir density in the mPFC or VTA (Fig. 2C ) or in D1R-ir density in any region tested. As AMPH treatment decreased OTR-ir density in the mPFC and D2R-ir density in the NAcc, but not in the other brain regions examined, and had no effects on D1R-ir density, these results indicate that the effects of AMPH on OTR and DAR expression are site and receptor specific.
Experiment 3: repeated AMPH exposure increases extracellular levels of NAcc DA As mating-induced NAcc DA release facilitates PP formation in female prairie voles (Gingrich et al., 2000) , Experiment 3 was designed to test the hypothesis that repeated AMPH exposure alters baseline and/or mating-induced NAcc DA levels. Importantly, we examined NAcc DA levels 24 h after the cessation of treatment, which, again, is the critical time point at which subjects were paired with a conspecific in Experiment 1. Subjects received one injection of EB and one injection of either saline (n ϭ 6) or 0.2 mg/kg AMPH (n ϭ 7) each day for 3 consecutive days. Five hours following the final set of injections, microdialysis probes were implanted into the NAcc, and subjects were allowed to recover overnight while an isotonic salt solution was perfused continuously through the probe. The next morning, four 20 min baseline dialysate samples were collected. Thereafter, a male was placed into the cage with the subject and the animals were allowed to freely interact while dialysate samples were collected every 20 min. Baseline samples and the two samples collected during/after the first mating bout of each subject were subsequently analyzed for DA content using HPLC-ECD analysis. A main effect of treatment was found (F (1,11) ϭ 4.65; p ϭ 0.05), such that AMPH-treated subjects had a significantly higher concentration of extracellular DA in the NAcc than did salinetreated subjects (Fig. 3) . Additionally, a main effect of sample type was found (F (1,11) ϭ 26.24, p ϭ 0.0003), such that samples collected during/after mating had a significantly higher concentration of DA than baseline samples. There was also a nonsignificant trend for an interaction effect (F (1,11) ϭ 4.21, p ϭ 0.065), driven by greater mating-induced DA levels in AMPH-treated subjects compared with saline-treated subjects. These data demonstrate that repeated AMPH administration elevated extracellular levels of DA in the NAcc 24 h after the cessation of AMPH treatment.
Experiment 4: OT infusion into the PLC restores matinginduced PP formation in AMPH-exposed females
Since AMPH treatment reduced OTR-ir density in the mPFC (Experiment 2), and OTR activation in the PLC-a subregion of the mPFC-is necessary for the formation of PP in female prairie voles , we hypothesized that decreased PLC OT neurotransmission may be involved in the AMPH-induced impairment of PP. Therefore, we tested whether direct infusion of OT into the PLC restores mating-induced PP formation in AMPH-treated females. Subjects were implanted with guide cannulae bilaterally aimed at the PLC. After a 3 d recovery, all subjects received one injection of EB and one injection of 0.2 mg/kg AMPH each day for 3 consecutive days. Twenty-four hours after the final injections, subjects were randomly divided into four groups that received an intra-PLC injection (Fig. 4A ) of CSF (n ϭ 8), 1 ng of OT (n ϭ 8), 1 ng of OT plus 10 ng (n ϭ 11) or 200 ng (n ϭ 5) of OTA, were immediately paired with a male for a 24 h period of cohabitation and mating, and were then tested for PP.
Consistent with our finding that repeated AMPH exposure impairs PP formation (Experiment 1), CSF-treated females failed to form mating-induced PPs (i.e., spent similar amounts of time in side-by-side contact with both stimulus animals; Fig. 4B ). OTtreated females, however, formed robust PPs (t (14) ϭ 6.75, p ϭ 0.000009), while subjects treated with OT plus either dose of OTA did not (Fig. 4B) . No differences were found between treatment groups in the number of mating bouts during the cohabitation period (Fig. 4C ) or in the overall contact time during the PP test (Fig. 4C) . Together, these data indicate that OT infusion into the PLC restores mating-induced PP formation in AMPH-treated females through an OTR-mediated mechanism. aimed bilaterally at the PLC and were allowed to recover for 3 d. Subjects then received one injection of EB and 0.2 mg/kg AMPH each day for 3 consecutive days. Twenty-four hours following the final injections, subjects were randomly divided into one of two groups that received an intra-PLC injection of either CSF or CSF containing 1 ng of OT. Each group was further divided into two subgroups that were either left undisturbed for 40 min and then killed (baseline group; n ϭ 7 CSF, n ϭ 8 OT) or were paired with a male, allowed to mate, and killed 40 min after the completion of their first mating bout (mated group; n ϭ 7 CSF, n ϭ 7 OT). Tissue punches from the NAcc of each animal were analyzed for DA concentration using HPLC-ECD.
A main effect of treatment was found (F (1,25) ϭ 4.37; p ϭ 0.047) on NAcc DA concentration, such that subjects treated with OT had a significantly higher concentration of DA in the NAcc than those treated with CSF (Fig. 5) . There was also a main effect of sociosexual experience (F (1,25) ϭ 14.27; p Ͻ 0.001) on DA concentration. Specifically, subjects in the mated group had a significantly lower concentration of DA in the NAcc than those in the baseline group (Fig. 5) . No differences were found in the total number of mating bouts between CSF-and OT-treated subjects in the mated group. These data demonstrate that PLC OT treatment alters DA concentration in the NAcc of AMPH-treated voles.
Discussion
In this study, we investigated the neural mechanisms that underlie the drug-induced impairment of pair bonding and its treatment with OT in female prairie voles. We demonstrate that repeated exposure to a commonly abused drug, AMPH, impairs PP formation (Experiment 1)-a reliable index of pair bonding-and alters OT and DA neurotransmission in the mPFC and NAcc, respectively (Experiments 2 and 3). Additionally, we demonstrate that OT infusion into the PLC restores PP formation in AMPH-treated females (Experiment 4), and we provide evidence that OT may have this effect through an interaction with NAcc DA (Experiment 5). Collectively, these results support our hypothesis that alterations in mesocorticolimbic OT and DA neurotransmission underlie the impairment of social bonding in female voles and demonstrate that treatment with the endogenous neuropeptide OT restores normal bonding behavior in drug-treated animals.
Previous studies in our laboratory and others have demonstrated that 24 h of sociosexual experience with a male reliably induces PP formation in female prairie voles (Williams et al., 1992; Insel and Hulihan, 1995) . Here, we show that prior experience with AMPH inhibits the formation of these selective preferences. These effects are not likely due to the acute actions of AMPH on brain and behavior, as PP tests were performed 48 h after the final AMPH exposure (e.g., after the drug had been metabolized), or to behavioral deficits induced by an aversive state of AMPH withdrawal, as no effects on mating frequency during the cohabitation period or general affiliative behavior during the partner preference test were noted (Fig. 1) . Our finding that prior exposure to AMPH impairs PP formation in female prairie voles is consistent with the effects of this drug in males of this species and the enduring effects of repeated psychostimulant exposure on other prosocial behaviors (Clemens et al., 2007) , including maternal behavior (Johns et al., 1997a; Slamberová et al., 2005; but see, Febo and Ferris, 2007) and social play (Wood et al., 1994) . AMPH dosing sufficient to impair PP formation decreased OTR-ir density in the mPFC, but did not alter OTR-ir levels in the NAcc or VTA (Fig. 2 )-findings consistent with other studies that have documented region-specific effects of psychostimulants on markers of OT function (Sarnyai et al., 1992; Johns et al., 2010) . These changes were present 24 h after the final AMPH injection-the critical time point at which AMPH-treated females were paired with a male, and allowed to cohabitate and mate before being tested for PP. Importantly, OTR activation in the mPFC, specifically the PLC, during cohabitation and mating is necessary for PP formation in female prairie voles . Therefore, decreased OTR activation in the PLC at this time point may represent a potential neural mechanism by which AMPH impairs mating-induced PP formation. In support of this hypothesis, OT injection directly into the PLC, immediately before pairing, restored mating-induced PP formation in AMPHtreated subjects, and this effect was dependent on PLC OTR activation (Fig. 4) . Together, these data indicate that AMPHinduced decreases in PLC OTR expression may, in part, underlie the inhibitory effects of this drug on PP formation. This finding is in line with studies indicating that regional variations in central OTR expression mediate species and individual differences in social behaviors (Francis et al., 2000; Olazábal and Young, 2006) , including pair bonding (Ross et al., 2009a; Ophir et al., 2012) . It is worth mentioning that several classic controls were included in the Western blotting experiment, which clearly indicated that our antibodies were specific to our receptors of interest. However, these controls may not completely rule out the possibility that the antibodies used could bind to other unknown proteins with similar molecular weights and antigen-binding sites.
Our results also indicate that alterations in NAcc DA neurotransmission may contribute to the AMPH-induced impairment of PP formation in females, extending our previous findings in males . NAcc DA mediates PP formation in a receptor-specific manner-D 2 -like receptor activation facilitates, whereas D 1 -like receptor activation inhibits, PP formation (Gingrich et al., 2000; Aragona et al., 2006 ). In the current study, AMPH dosing decreased NAcc D2R-ir density (Fig. 2 ), yet did not alter D1R-ir density, indicating a potential increase in the ratio of D1R to D2R in this region. Additionally, AMPH exposure increased extracellular DA levels in the NAcc (Fig. 3) . Together, these results not only indicate a decreased likelihood of D2R activation by released DA, but also an increased likelihood of D1R activation. Indeed, DA has a differential affinity for different DA receptor subtypes, and higher levels of extracellular DA are required to activate D1Rs (Richfield et al., 1989) . Given the NAcc DA receptor-specific regulation of PP formation (Gingrich et al., 2000; Aragona et al., 2006) , these data collectively indicate that AMPH may impair pair bond formation in female prairie voles by shifting the balance of NAcc DA receptor activation in favor of D1Rs-paralleling our previous results in males .
The decrease in NAcc D2R-ir density noted here, and its relationship to the AMPH-induced impairment of pair bonding, warrants further discussion. NAcc D2R activation is thought to facilitate partner preference formation by enhancing reward processing during sociosexual experience with a mate (for review, see . Indeed, reduced activation of NAcc neurons-a consequence of D 2 -like receptor activation (Surmeier et al., 2007) -is critically involved in the processing of reward states (for review, see Carlezon and Thomas, 2009 ). AMPH-induced decreases in NAcc D2R-ir density may therefore be indicative of impaired reward processing during sociosexual interactions. Although this idea was not tested here, it parallels clinical work demonstrating reductions in NAcc D 2 -like receptor availability following long-term drug exposure and suggesting that such neuroadaptations may decrease the sensitivity to natural rewards in addicted individuals (Volkow et al., 2007) .
A major finding in the current study, as discussed previously, is that OT administered directly into the PLC restored pair bond formation in AMPH-treated voles. Importantly, PLC OT treatment also altered NAcc DA tissue concentration: AMPH-treated subjects that received OT had a significantly higher concentration of DA in NAcc tissue than did subjects that received CSF (Fig. 5) . This effect could be the result of OT-induced increases in DA synthesis or decreases in DA release. The latter possibility is particularly intriguing, as it would indicate that OT administration counteracts AMPH-induced increases in extracellular NAcc DA levels. Unfortunately, this possibility could not be tested directly here, as the small size of the vole brain precluded the simultaneous implantation of guide cannulae and a microdialysis probe into the PLC and NAcc, respectively. Nevertheless, the idea that PLC OT injection may alter NAcc DA release is consistent with studies demonstrating the physical and functional connectivity of these regions within the mesocorticolimbic circuit. For example, the PLC contains a high density of pyramidal cells that project to the VTA (Carr and Sesack, 1999) and through this anatomical connection is thought to influence NAcc DA neurotransmission. Indeed, chemical or electrical stimulation of the mPFC increases, while temporary mPFC inactivation decreases, . Subjects that received OT infusions into the PLC had a significantly higher concentration of DA in the NAcc than did subjects treated with artificial CSF. Additionally, subjects paired with a male and allowed to mate (Mated) had a significantly lower concentration of DA in the NAcc than subjects not paired with a male (Baseline). Error bars indicate the SEM. *p Յ 0.05, main effect of treatment; ##p Յ 0.001, main effect of sample type.
the firing rate and burst events of DA neurons in the VTA, and these events are thought to directly account for related increases/ decreases in extracellular NAcc DA (for review, see Tzschentke, 2001) . Therefore, pharmacological manipulations within the PLC (e.g., OT injection) have the potential to alter NAcc DA release. Although this possibility could not be tested in the current study, our data demonstrate that OT administration alters NAcc DA levels in AMPH-treated voles-suggesting that OT-DA interactions may be involved in the OT-induced restoration of social bonding.
Given the critical role of central OT in the regulation of social behaviors (Ross and Young, 2009) , alterations in this system have been hypothesized to underlie social deficits in a number of psychiatric disorders, including drug addiction (McGregor et al., 2008) . It has therefore been suggested that the OT system may represent a viable pharmacotherapeutic target for the treatment of social deficits in addiction (Strathearn and Mayes, 2010; McGregor and Bowen, 2012) . Here, we provide empirical evidence to support these ideas. Perhaps most intriguing is our finding that OT administration restores social bonding in drug-exposed animals. Together with emerging evidence that the role of OT in social behavior is largely conserved across species (Ross and Young, 2009; Meyer-Lindenberg et al., 2011; Burkett and Young, 2012) and that OT systems are altered in human drug users (Light et al., 2004) , these results support the utility of the OT system as a neural target for the pharmacological treatment of social deficits in addiction. However, additional studies are required to determine the translational potential of these findings to primate species with increasingly complex social relationships, including our own. Continued research on these topics would not only allow for the confirmation of this system as a neural target for the treatment of social deficits in addiction, but could also significantly impact the treatment of addiction itself-as strong social bonds may play an important role in relapse prevention (Kosten et al., 1987; Dawson et al., 2005) .
